Introduction
Artificial photosynthesis is recognized as one of the most probable candidates to provide a realistic system from the viewpoint of renewable energy along with a well-balanced circulation of elements on the earth. 1, 2 In the discussion on what sort of strategic approaches we could take, however, there might be unexpected confusion about the definition of artificial photosynthesis. Artificial photosynthesis tends to be considered to be an exact mimic of natural photosynthesis, where carbohydrates and oxygen are produced from water and carbon dioxide upon visible light irradiation, since the term "artificial" usually implies making things that already exist in nature. The definition, however, may be too strict and somewhat misleading from a scientific viewpoint. Recent intensive studies on photoredox reactions and catalytic reactions that can be coupled with water oxidation processes strongly suggest that more a general concept should be defined for artificial photosynthesis from the viewpoints of both renewable energy and well-balanced circulation of elements on the earth. Artificial photosynthesis thus should be scientifically defined as a fundamental science and technology that 1) can induce an uphill reaction that leads to energy accumulation as a result of a particular reaction, 2) uses water as the electron donor and the source material, and 3) uses sunlight irradiation. These three factors are indispensable for the definition of artificial photosynthesis. The reaction products should not be limited to reduced forms of carbon dioxide nor oxygen as the oxidized form of water, but include other energystoring materials, such as hydrogen and even ammonia as the reduced products. Hydrogen peroxide and other oxygenated substrates can also be products at the oxidation terminus. The term "solar fuels" expresses more properly the preferable meaning of the reaction products of artificial photosynthesis. 1, 2 Among various candidates for solving the global energy problem, solar energy is undoubtedly the most probable candidate, leading to a sustainable society with a sound, reasonable source of renewable energy. 1, 2 The amount of solar energy captured on the globe is nearly 10,000 times larger than the current energy consumption by mankind. On the other hand, the energy density acquired per unit area is rather small (³100 mW cm ¹2 ), with the intensity fluctuating depending upon geographical location, season, time of day, and weather. Utilizing solar energy with such a rarefied intensity and instability should require a sound, strategic decision on whether or not we take an approach to directly go through this obvious barrier or to bypass it, in addition to the simple harvesting and storage of light energy. In this article, the key points in realizing artificial photosynthesis are overviewed. An alternative approach of one-photon-induced two-electron activation of water sensitized by metalloporphyrins to bypass the problem of the low photon flux density of sunlight is postulated. The possibility of utilizing metalloporphyrins with the most easily available element aluminum will be also discussed. Aluminum(III)-tetra(4-carboxyphenyl)porphyrin (Al(III)TCPP) was synthesized and its fundamental chemical behavior, including a protolytic reaction of the axial ligands, has been characterized.
Solar cells and artificial photosynthesis
In view of the points described above, the conversion of solar energy into chemicals to generate fuels should be the most promising candidate for solving the energy crisis in the long term. 1 The solar cell, which directly generates electricity, is currently another candidate proceeding ahead of artificial photosynthesis. Here, the fundamental concepts of the solar cell and artificial photosynthesis are compared (Scheme 1). The primary process of charge separation is nearly the same in both cases, where visible light illuminating a material generates electronically excited states to induce a migration or a transfer of electrons to a different site, spatially separated, on an appropriately delayed time scale, competing with a back-electron transfer. The solar cell extracts the energy difference (¦E in Scheme 1) externally as electricity, while the electron returns to combine with the hole (a in Scheme 1), recovering the initial state. The electron thus cycles within the system without any change in the material itself. This process can be termed as a "one-electron conversion," and can be understood to be a rather physical process. On the other hand, in artificial photosynthesis, the electron in the charge-separated state does not return to combine with the hole but induces a chemical reaction to form a reduced reaction product such as a hydrogen molecule via a twoelectron process with protons, or carbon monoxide via the twoelectron reduction of carbon dioxide. The hole (b in Scheme 1) also extracts electrons from water to evolve dioxygen through a four-electron conversion. The chemical conversions on both reduction and oxidation sides should be uphill reactions to store the sunlight energy into reaction products. The process in artificial photosynthesis can be termed a "multi-electron conversion," which definitely implies a "chemical process." Chemists are really expected to exert themselves to realize an efficient conversion system.
Three milestones in the history of artificial photosynthesis
The history of artificial photosynthesis, with a realistic aspect and a basis of fundamental science and technology, had started in the late 20 th century. Three seminal reports have been accepted as milestones in the history of artificial photosynthesis. The first milestone was the ground-breaking finding in 1972 that is known as the "Honda-Fujishima effect," i.e., water splitting by ultraviolet light irradiation of a semiconductor, TiO 2 , connected with platinum electrode in aqueous solution to evolve oxygen from the TiO 2 and hydrogen from the platinum electrode. 3 The history of artificial photosynthesis had actually started from finding of Fujishima and Honda. The pioneering work of Meyer, as the second milestone, on water oxidation catalyzed by a ruthenium dinuclear complex to evolve oxygen upon chemical oxidation of the Ru-complex, had appeared almost ten years after the Fujishima-Honda report. 4 Lehn had reported another impressive study, on the photochemical reduction of carbon dioxide, as the third milestone. 5, 6 On the basis of these three milestones, there have been various challenges for realizing artificial photosynthesis. They are classified into at least two different approaches: (1) understanding natural photosynthesis to modify or improve natural systems, in some cases through a biological methodology, including biomass; and (2) taking inspiration from natural photosynthesis through the challenging process of creating completely new systems that have similar, or even better, performance. The latter approaches can be further classified into two groups with different methodologies: a) Excitation of semiconductors to induce multi-electron conversion; and b) Excitation of metal complexes or organic dyes to induce oneelectron transfer. The former approaches using semiconductors (a) were initiated by the breakthrough of the Honda-Fujishima effect. 3 Although this water splitting was originally limited to UV light irradiation, recent progress has begun to make semiconductor photochemistry possible utilizing visible light. 7 These efforts should be certainly promising for artificial photosynthesis. The latter approaches (b) with metal complexes and organic dyes have the great advantage of utilizing visible light.
1.3 What is the bottleneck issue for artificial photosynthesis catalyzed by metal complexes?
The prospect for the realization of artificial photosynthesis by metal complexes in the near future, however, is rather unclear, in spite of enormous efforts carried out in the past. It is mainly caused by a particular bottleneck issue, which need to be resolved. 2 What kind of bottleneck is it? Water oxidation in homogeneous solution catalyzed by metal complexes still requires a breakthrough for the realization of artificial photosynthesis. Typical oxidation processes of water to be targeted are shown in Eqs.
(1)-(3).
The oxidation of water or the hydroxide ion includes three kinds of processes:
Among these, processes, 2) and 3) involve multiple electrons, where a photochemical process has a situation different from those of electrochemical and chemical processes. Electrochemical redox processes that involve multiple electrons are induced mostly by simultaneous or sequential transfer of multiple electrons at an electrode, and the rate of the electron transfer can be regulated by the applied potential. Chemical oxidation by an oxidizing agent appropriate to the system also has a similar aspect of a controllable rate of electron transfer by adjusting the concentration of the oxidizing reagent. Photochemical electron transfer is, on the other hand, generally induced by one-photon absorption by a corresponding molecule (sensitizer). The photochemical processes for multiple electrons, thus, should be an accumulation of stepwise one-electron transfers. The latter should be largely dependent upon the time scale of waiting for the next photon to arrive at the sensitizer, and this causes a major bottleneck for water oxidation processes by metal complexes. Before the next photon will arrive on the already oxidized species, either in one, two-or three-electron oxidized form generated by the preceding photon excitation, the complex might suffer a substantial decomposition or transformation, thus losing a sustainable catalytic function. This is termed the "photon flux density problem," which needs to be overcome (vide infra). 2 
An alternate route through a two-electron activation process induced by one photon
In place of the four-electron oxidation of water, we could change our viewpoint and focus on a two-electron process in order to bypass the photon flux density problem, the biggest Electrochemistry, 82(6), 475-485 (2014) barrier for four-electron processes. A two-electron activation of water ordinarily affords hydrogen peroxide as the oxidation product [Eq. (2)]. In addition to this, another two-electron conversion of the substrate can be possible, as shown in Eq. (4).
where "S" denotes a substrate and MP denotes a metalloporphyrin. For example, we have found that the visible light irradiation of a reaction mixture of CO-coordinated tetra(2, 4, 6-trimethyl)phenylporphyrinatoruthenium(II) (Ru II TMP(CO)) as a sensitizer, hexachloroplatinate (IV) as an electron acceptor, and an alkene as the substrate, in alkaline aqueous acetonitrile, induces the highly selective epoxidation of the alkene, with a high quantum yield (³60%) under deaerated conditions. 8e A detailed mechanistic study mainly by means of laser flash photolysis has revealed that the water molecule is activated through axial ligation to the one-electron-oxidized Ru-porphyrin to induce an oxygen atom transfer to the substrate with twoelectron conversion, followed by the second one-electron transfer to the electron acceptor, as shown in Scheme 2.
9
The two-electron oxidation of water by one-photon excitation [Eq. (4)] would be the more plausible alternative compared to the four-electron oxidation by stepwise four-photon excitation under actual sunlight radiation with rather low light intensity, which induces the "photon flux density problem. The water activation is accomplished at the metal center of the complex through the ligation of a hydroxide ion to the cation radical of the Ru-porphyrin, as indicated by the appearance of substantial spin density on the oxygen atom of the axial ligand, both in the hydroxyl-coordinated species and its deprotonated form, both of which undergo a subsequent twoelectron conversion on the metal center (Scheme 3). 10 The key intermediates in this case thus do not need to wait for the next photon. Only a single photon can induce the twoelectron oxidation process. Since the system does not involve a stepwise two-photon excitation process, the photochemical epoxidation with water does not require any special microenvironment, such as a protein, to protect the highly oxidized states of the catalyst. The one-photon / two-electron conversion process is, thus, free from the photon flux density problem, which would offer an alternate route for a two-electron process that can get through the bottleneck of water oxidation. Electrochemistry, 82(6), 475-485 (2014) stepwise four-photon excitation? Excitation of a metal complex in a model system of artificial photosynthesis generally induces a charge separation composed of an electron (radical anion)-hole (radical cation) pair. Oxygen evolution from water by fourelectron oxidation requires a four-electron oxidized state of the catalyst system through a stepwise four-photon excitation. The catalyst then should wait for the arrival of the next three photons. During the waiting period, it should survive without being decomposed. How long do the highly oxidized states of the catalyst system need to survive? To estimate the time scale, the photon flux density of sunlight and the probability of absorption of a photon by the metal complex molecule in the catalyst system are necessary parameters. Assuming a typical sunlight intensity to be an AM1.5 condition, the number of photons at each wavelength per unit area (m 2 ) and time (second) can be plotted in Fig. 1(a) , although the actual intensity of sunlight varies widely, depending on the condition of the time of day, weather, season, and region. Supposing that tetraphenylporphyrinatotin(IV) (Sn(IV)TPP), as the light absorbing model metal complex, is fixed on a film-like device, which is often the case in a dye-sensitized solar cell, the incident photons will hit the molecule in a frequency according to their photon flux density per unit area and time [ Fig. 1(a) ]. The probability of the light absorption by Sn(IV)TPP is expressed in terms of a cross-section of light absorption in the unit of area where all of the photons are absorbed. This can be calculated from the extinction coefficient. In Fig. 1(b) , the cross-section of light absorption for Sn(IV)TPP at each wavelength is also plotted. The excitation frequency of the Sn(IV)TPP molecule by the incident photons thus can be calculated by multiplying the number of incident photons per unit area and time by the cross-section of light absorption by Sn(IV)TPP. The product of both parameters was further integrated over the entire wavelength region (300-800 nm). This integration yields a frequency of excitation of 5 Cu complex 30 and polyoxometalates, 31 however, have again focused attention on oxygen evolution. Mechanistic studies have suggested the possibility that the involvement of a protoncoupled electron transfer process in water oxidation enables complexes, even in the highly oxidized state, to avoid charge buildup and formation of high-energy intermediates. 32 A further breakthrough in the near future could be expected for metal complexes, if they have a sufficiently long lifetime (a few seconds) of the highly oxidized states to fulfill the condition of the photon flux density requirement.
Results and

Prediction of another two-electron oxidation of water catalyzed by metalloporphyrins: hydrogen peroxide formation
The reaction mechanism revealed for the photochemical oxygenation of an alkene via the two-electron activation of water by one-photon absorption, as described in 1.4, indicates that a nucleophilic attack of the substrate alkene on the axially coordinated oxygen atom, which is activated by the one-electron oxidation of the Ru-porphyrin, is the key step in the two-electron conversion reaction. This finding strongly prompted us to study further whether or not is there any possibility for water or the hydroxide ion themselves to act as nucleophiles and substrates. The axially coordinated oxygen atom on the metal center Ru in Figure 1 .
(Color online) Photon flux density of sunlight (AM1.5) and cross section of photon absorption by SnTPP.
Electrochemistry, 82(6), 475-485 (2014) the one-electron oxidized porphyrin has been revealed to have substantial spin density, as shown in Scheme 3. A nucleophilic attack by a water molecule or hydroxide at the electron-deficient oxygen atom might be expected to form an oxygen-oxygen bond in this case, which should correspond to the formation of hydrogen peroxide as a two-electron oxidized product of a water molecule. To check this possibility, theoretical examination was carried out by estimating the relative difference of formation energy of the expected intermediate upon a thorough energyoptimization by DFT calculation. As shown in Scheme 4, the one-electron-oxidized Ru-porphyrin (radical cation) allows hydroxyl coordination to the metal center in a fairly exoergonic process. The resultant hydroxyl-coordinated species (oneelectron-oxidized form) undergoes an attack by water to form a protonated hydrogen peroxide-coordinated intermediate • . The further deprotonated species is a rather endoergonic process (¦H = +13 kcal mol ¹1 )
for the reaction with OH ¹ , probably owing to a repulsive interaction among the negative charges on both species. As a conclusion, the theoretical calculation predicts that the formation of an oxygen-oxygen bond on the metal center of Ru-porphyrin could preferably proceed. This prediction strongly prompted us to examine further many kinds of metalloporphyrins to be utilized as the catalyst for water oxidation processes.
Synthesis of Al(III)tetra(4-carboxyphenyl)porphyrin (Al(III)TCPP)
Another crucial subject to be resolved for a more realistic design of an artificial photosynthesis system would be to devise ways to utilize major elements for metal complexes rather than rare metals such as Ru, Re, or Ir. From this viewpoint, we have focused our attention on the examination of earth-abundant metals and elements such as aluminum. Aluminum is the most abundant metal and the third most abundant element on Earth. It should be the most available and meaningful element from the practical viewpoint, if it could be utilized in an artificial photosynthetic unit. As strongly prompted also by the prediction of the two-electron activation of water to form hydrogen peroxide described in 2. Since the axial ligand, hydroxide ion or water molecule, on the metal center is a key site undergoing oxidative activation upon one-electron oxidation of the porphyrin O-electron system, as described in 1.4, an Al(III)TCPP having axial ligands of hydroxide ion and water should be a very interesting metal complex to be examined in terms of how the axial ligands behave in both the ground and excited states, along with its redox character.
Multiple protolytic equilibria among the axial ligands of Al(III)TCPP along with the peripheral carboxylic substituents in the ground state
In examining the fundamental chemical characteristics of Al(III)TCPP, we recognized the color change of the aqueous solution depending on the pH values, e. g., K max = 426 nm at pH = 13, while K max = 418 nm at pH = 7. The absorption spectrum was thus carefully inspected by changing the pH of the aqueous solution. Very interestingly, the spectrum changed drastically depending on the pH of the aqueous solution, as shown in Fig. 2 . When the pH value was increased from 7.5 to 13, the Soret band of Al(III)TCPP exhibited red shifts in a stepwise manner with four clear isosbestic points at K = 419 (1), 422.5 (2), 423.5 (3), 424 (4) nm, shown as circles marked with the numerals 1-4 in Fig. 2 . The spectral changes were reversible with increasing or decreasing pH. The detailed analysis of the Electrochemistry, 82(6), 475-485 (2014) change of absorbance at each wavelength in each pH range afforded the conclusion that five species were involved in the continuous changes of the absorption spectra (Fig. 3) . The absorption spectra in the Q-band region showed similar changes depending on the pH of the solution. The 1 H-NMR spectra also exhibited reversible changes well in accord with the visible absorption spectra upon pH changes of the aqueous solution, even though they indicated no structural change of the porphyrin rings (Fig. 4) . These results clearly indicate that there exist acidbase equilibria of the axial ligands on the Al(III) metal ion among the five species under basic conditions (pH = 7-14), as shown in Fig. 5 . The pK a value of each protolytic process was carefully determined from the inflection points in the plots of absorbance vs. pH (Fig. 6) .
In addition to the above-mentioned protolytic equilibria among the axial ligands on Al(III)TCPP, another equilibrium Electrochemistry, 82(6), 475-485 (2014) was recognized. The solubility in aqueous solution was observed to be very much dependent on the pH value. Compared with the neutral condition, Al(III)TCPP was sparingly soluble in acidic solution. The absorption spectra around the Soret band under different pH conditions in acidic area are shown in Fig. 7(a) . When the reversible absorbance changes are plotted versus pH, a clear change of absorbance at around pH = 4.7 is indicated [ Fig. 7(b) ]. The sudden change of absorbance strongly suggests a sudden change of solubility for Al(III)TCPP, since K max (418 nm) under each pH condition remained unchanged, and therefore no substantial change of electronic structure of the porphyrin ring should be induced. The sudden change in solubility thus can only be explained by the protolytic equilibrium of the peripheral carboxylic group of the twowater-coordinated Al(III)TCPP, and the pH value (4.7) was thus assigned as the corresponding pK a value.
All of the pK a values for the protolytic equilibria of the axial ligands and the peripheral carboxyl group and their K max values are tabulated in Table 1. 2.5 How does each species among the protolytic equilibria behave in the excited state?
Among the fundamental chemical characteristics of the metal complexes, the fluorescence lifetime (lifetime of the singlet excited state) is one of the most crucial pieces of information requisite in designing artificial photosynthesis, since whether or not electron transfer could proceed substantially from the excited singlet state to an appropriate electron acceptor competing with its deactivation to the ground state mostly depends on the lifetime. The fluorescence lifetime of each species of Al(III)TCPP with a differently protonated / deprotonated axial ligand under appropriate pH conditions was measured upon Electrochemistry, 82(6), 475-485 (2014) excitation by a picosecond laser pulse (see Experimental). All of the species exhibited beautiful single-exponential decays with time constants (8.7-5.6 ns) different from each other, indicating that each differently protonated / deprotonated species solely decays without undergoing protolysis in the excited state (Fig. 8) . The protolytic equilibria of course should exist even in the excited state, but the mutual interconversions are suggested to be sufficiently slower than each inherent decay time scale. The fluorescence lifetimes of each species under basic conditions are listed in Table 1. 2.6 Redox behavior: Are the oxidation processes of each Al(III)TCPP with different axial ligands under protolytic equilibria coupled with proton transfers?
Another crucial fundamental chemical characteristic of metal complexes in designing an artificial photosynthesis system is the actual redox potential value and redox behavior, especially on whether or not the processes are coupled with protonation / deprotonation. The redox potential of Al(III)TCPP was estimated by means of cyclic voltammetry with a glassy carbon or boron-doped diamond working electrode and platinum as a counter electrode in aqueous solution. The oxidation potentials of each Al(III)TCPP obtained with different axial ligands for the first and second oxidation waves are listed in Table 1 , along with those for the reduction process. The oxidation potentials of Al(III)TCPP are fairly similar with that of Ru-tetramesitylporphyrin (1.03 V vs. SHE), which exerts efficient photochemical epoxidation with water as both electron and oxygen donor. The similar oxidation potentials of Al(III)TCPP would suggest the promising possibility of inducing their photochemical reaction Electrochemistry, 82(6), 475-485 (2014) with water as a source material. Since the excitation energy of the S 1 state of Al(III)TCPP is ca. 2.05 V, the excited complexes in the S 1 states have their oxidation potentials at around ca. ¹1.18-¹1.36 V vs. SHE, which are sufficient for efficient electron injection into the conduction band of TiO 2 (³¹0.5 V vs. SHE). The reduction potentials (¹0.76-¹0.84 V vs. SHE) also indicate that the one-electron reduced form, the radical anion of Al(III)TCPP can readily transfer an electron to the conduction band of TiO 2 .
Information on the possibility of simultaneous proton transfer coupled with the electron transfer can be obtained by measuring a Pourbaix diagram, where the oxidation potentials are plotted versus pH. When the oxidation potential shows a pH dependence according to the Nernst equation, the electrochemical oxidation process can be understood such that the corresponding electrochemical oxidation is simultaneously proceeding with proton dissociation (proton-coupled electron transfer (Fig. 9) . Although only the [Al(III)TCPP-(H 2 O)(OH)] species exhibited pH dependence for the oxidation peak, we would like to leave the conclusion to be determined in the future for this process, due to the complexity involved from the large change of solubility in the corresponding pH region. in benzonitrile (15 mL) at 180°C for 24 h. After the reaction mixture was cooled to ambient temperature, the mixture was added dropwise to hexane to precipitate a dark-colored solid. The precipitate was filtered, washed well with hexane, and dried. The obtained crude product was first dissolved in a minimum amount of methanol, and the solution was dropped into 0.1 M HCl aqueous solution to remove the starting material, H 2 TCPP-M ester. The precipitate was filtered, washed well with HCl aqueous solution and the precipitate was further purified by reprecipitation from methanol into dichloromethane. Yield: 68%. 
O).
Other materials: N, NB-dimethylformamide (DMF) (Kanto Chemical Co., Inc.) was used as a solvent after dehydration with molecular sieves 4A (Kanto Chemical Co., Inc.) and distillation under reduced pressure. Benzonitrile (Tokyo Kasei) (GR grade) was used as received. Distilled water was passed through an ionexchange column (G-10, Organo Co.). The specific conductance of the water was below 0.1 µS cm ¹1 .
Measurements
UV-visible spectra were measured on a Shimadzu UV-2550 spectrophotometer. Fluorescence spectra were measured on a JASCO FP-6500 spectrofluorometer. The oxidation potential of Al(III)TCPP was measured by cyclic voltammetry with a Hokuto Denko HA1010mM1A electrochemical system, with a glassy carbon or a boron-doped diamond working electrode, Ag / AgCl as the reference electrode, and Pt wire as the counter electrode in DMF containing 0. YAG laserpumped OPG (EKSPLA, PL2143B + PG401; FWHM 25 ps, 5 Hz) was used as the excitation source for measuring the fluorescence lifetime of the dyad porphyrin. The fluorescence was monitored by a streak camera (Hamamatsu, C4334) equipped with a polychromator (CHROMEX, 250IS). All spectral measurements were carried out at room temperature (294 K). 
Conclusion
On the basis of this overview of the artificial photosynthesis research area, a more realistic definition of artificial photosynthesis is postulated. Consideration of the photon flux density problem of the rarefied sunlight intensity to be utilized leads to the choice between two options: 1) getting through the bottleneck by a conventional approach through stepwise fourphoton/ four-electron processes, or 2) to bypass the barrier by taking an alternative path of two-electron activation of water upon one-photon absorption by a metalloporphyrin. According to the theoretical prediction of hydrogen peroxide formation upon a two-electron activation process, a ubiquitous elementcontaining metalloporphyrin, which contains the Al(III) ion, from the Earth's most abundant metal and the third most abundant element ion, was synthesized. Interesting protolytic equilibria among the axially ligated water or hydroxide ion on the Al(III) metal center of the porphyrins were observed, along with the protolysis of the peripheral carboxyl substituents. Fundamental characteristics of Al(III)TCPP as a promising sensitizer catalyst in an artificial photosynthesis system, such as the pK a value of the protolytic equilibrium, fluorescence lifetime, and oxidation/ reduction potential, were obtained for each species with different axial ligands in protolytic equilibria. Electrochemistry, 82(6), 475-485 (2014) 
